ABSTRACT Streptococcus intermedius is known to cause periodontitis and pyogenic infections in the brain and liver. Here we report the complete genome sequence of strain TYG1620 (genome size, 2,006,877 bp; GC content, 37.6%; 2,020 predicted open reading frames [ORFs]) isolated from a brain abscess in an infant. Comparative analysis of S. intermedius genome sequences suggested that TYG1620 carries a notable type VII secretion system (T7SS), two long repeat regions, and 19 ORFs for cell wallanchored proteins (CWAPs). To elucidate the genes responsible for the pathogenicity of TYG1620, transcriptome analysis was performed in a murine subcutaneous abscess model. The results suggest that the levels of expression of small hypothetical proteins similar to phenol-soluble modulin ␤1 (PSM␤1), a staphylococcal virulence factor, significantly increased in the abscess model. In addition, an experiment in a murine subcutaneous abscess model with random transposon (Tn) mutant attenuation suggested that Tn mutants with mutations in 212 ORFs in the Tn mutant library were attenuated in the murine abscess model (629 ORFs were disrupted in total); the 212 ORFs are putatively essential for abscess formation. Transcriptome analysis identified 37 ORFs, including paralogs of the T7SS and a putative glucan-binding CWAP in long repeat regions, to be upregulated and attenuated in vivo. This study provides a comprehensive characterization of S. intermedius pathogenicity based on the complete genome sequence and a murine subcutaneous abscess model with transcriptome and Tn mutagenesis, leading to the identification of pivotal targets for vaccines or antimicrobial agents for the control of S. intermedius infections. KEYWORDS brain abscess, genomics, murine model, Streptococcus, transposon mutagenesis, whole-genome sequence S treptococcus intermedius, an intraoral commensal bacterium belonging to the Streptococcus anginosus group, is known to cause periodontitis and pyogenic infections in the brain and liver (1-3). Patients with invasive S. intermedius infections have significantly longer hospital stays and higher mortality rates than patients with other S. anginosus group infections (4), suggesting that species identification might be of importance for prognostication. 
S
treptococcus intermedius, an intraoral commensal bacterium belonging to the Streptococcus anginosus group, is known to cause periodontitis and pyogenic infections in the brain and liver (1) (2) (3) . Patients with invasive S. intermedius infections have significantly longer hospital stays and higher mortality rates than patients with other S. anginosus group infections (4), suggesting that species identification might be of importance for prognostication.
S. intermedius causes brain and liver abscesses in the host; the brain abscess is a focal suppurative inflammation. Significant elevations of Th1 and Th17 cytokine levels have been detected in patients with brain abscesses caused by monomicrobial Grampositive bacterial infections (e.g., those caused by S. intermedius), whereas a Th2 cytokine (interleukin-10) has been shown to be present in Gram-negative bacterial infections (e.g., those caused by Bacteroides fragilis and Escherichia coli) (5) . Because bacterial brain abscesses are often caused by polymicrobial infections, testing by culture might not be appropriate for the detection of all associated pathogens. Massively parallel sequencing is a powerful tool for the simultaneous identification of multiple bacteria. Kommedal et al. suggested that Aggregatibacter aphrophilus, Fusobacterium nucleatum, and S. intermedius are key pathogens in the establishment of spontaneous polymicrobial brain abscesses; in particular, S. intermedius was frequently detected, with 24 S. intermedius-positive cases occurring among 52 patients (6) .
S. intermedius bacteremia and liver abscesses are often seen in patients with a recent history of dental manipulation. Because S. intermedius is part of the commensal oral flora in humans, dental cleaning can cause bacteremia and seeding of the liver via the hematogenous route even in the absence of active oral infection (7) . Indeed, a human epidural abscess caused by S. intermedius following a dental extraction has been reported (8) . In terms of penetration through the blood-brain barrier, Streptococcus pneumoniae is the most well characterized of the streptococci (9) , and the sialidase NanA, a cell wall-anchored protein (CWAP), contributes to the invasion by S. pneumoniae into human brain microvascular endothelial cells (hBMECs) (10) . S. intermedius isolates carry an ortholog of the nanA gene (11) , suggesting that S. intermedius might reach the brain via a mechanism similar to that employed by S. pneumoniae.
S. intermedius produces a unique hemolytic toxin, intermedilysin (ILY) (12) , a cholesterol-dependent cytolysin (CDC) that binds specifically to human complement regulator CD59 (hCD59) (13) and that is thought to be the major virulence factor. However, specific factors involved in abscess formation have not been identified in S. intermedius, although it is significant that S. intermedius has been isolated from abscesses in children with life-threatening diseases (14) .
Several complete or draft genome sequences of S. intermedius strains have been reported, including BA1, isolated from a human epidural abscess (15) ; B196, isolated from a human bronchopulmonary abscess in a patient with septic arthritis, osteomyelitis, and pyomyositis (16) ; and C270, isolated from a human bronchopulmonary abscess (16) . In this study, we sequenced the entire genome of strain TYG1620, isolated from a brain abscess in an infant. The characterization of symptom-specific isolates, such as TYG1620, is crucial for understanding the pathogenicity of S. intermedius. We also performed a comprehensive genomics study with transcriptome analysis and random transposon (Tn) mutagenesis and identified a gene that was upregulated in vivo in a murine abscess model. Our findings suggest that unique phenol-soluble modulin (PSM)-like peptides and CWAPs are involved in the in vivo survival of S. intermedius TYG1620.
RESULTS AND DISCUSSION
Sequencing of S. intermedius TYG1620 complete genome. We obtained S. intermedius isolate TYG1620 from a brain abscess in a 16-month-old infant (Table 1 and Fig.  1A) . TYG1620 showed strong aggregation in brain heart infusion (BHI) broth under anaerobic conditions (Fig. 1B) . Whole-genome sequencing of S. intermedius TYG1620 was performed using an Illumina GAIIx platform (San Diego, CA, USA) (paired-end 81-mer; 6,314,564 total paired-end reads; N 50 , 198,530 bp; estimated genome coverage, 944 times). The reads were assembled using CLC Genomics Workbench (v7.5) software, resulting in 77 contigs with a cumulative size of 1.95 Mb. The remaining gaps were closed using PCR, and the fragments obtained by pulsed-field gel electrophoresis (PFGE) were sequenced using an Illumina MiSeq platform (paired-end 300-mer). The reads were assembled using CLC Genomics Workbench (v7.5) or Platanus software (17) and the PRICE assembler (18) . The complete genome sequence was verified by PFGE using the restriction enzyme AscI (data not shown) and optical mapping with an Argus system ( Fig. 2A) .
Genome annotation was performed in Rapid Annotation using the Subsystems Technology (RAST; v2.0) (19) , InterPro (v49.0) (20) , and NCBI BLASTp/BLASTx programs. The final TYG1620 genome sequence was 2,006,877 bp and had a GC content of 37.6%, 60 tRNA genes, 4 rRNA operons, 2,007 predicted coding sequences, and 13 pseudogenes (Table 1 and Fig. 2B ). The TYG1620 genome sequence had 19 CWAPs containing an LPXTG motif recognized by sortase A (Fig. 3) . Of the CWAPs, SITYG_16380 had 6 tandem repeats of its 321-bp core unit, showing a collagen-binding B motif. Such long tandem repeats were highly problematic in closing the gap between scaffolds (see Fig.  S1 in the supplemental material).
Comparative genomics among S. intermedius genome sequences. To elucidate specific genetic features of TYG1620, a comparative analysis of the TYG1620 genome sequence against other publicly available genome sequences was performed (Table 1) . TYG1620 carried a potential type VII secretion system (T7SS) between SITYG_01160 and SITYG_01590 ( Fig. 2B and C ) that was integrated between adhE (bifunctional aldehyde/ alcohol dehydrogenase) and nanE (N-acetylmannosamine-6-phosphate 2-epimerase). SITYG_1160 (96 amino acids [aa] ) is similar to the Mycobacterium ESAT-6, which has been reported to be of fundamental importance in the virulence and protective immunity of Mycobacterium tuberculosis (21) . The T7SS has been well characterized to be involved in the secretion of ESX proteins in M. tuberculosis and has a role in host-pathogen interactions (22) . T7SSs have been found in members of the Firmicutes, such as Bacillus and Clostridium spp.; Staphylococcus aureus; Streptococcus agalactiae; and Listeria monocytogenes (23, 24) . The results of the comparative genome analysis performed in the present study suggested that TYG1620 acquired T7SS in a horizontal manner and that it partially shares its T7SS with that from strains BA1, isolated from a human epidural abscess, and F0413, isolated from an unknown source (Fig. 2B) , indicating that the T7SS could be associated with strain-specific pathogenicity, including abscess formation and septic arthritis.
Two homologous long repeats (44.0 kb; from nucleotides [nt] 70774 to 114782 and nt 1084062 to 1128070) were identified in the TYG1620 genome, and their localizations were confirmed by PFGE and optical mapping ( Fig. 2A ). The repeat sequence included possible plasmid-mediated DNA methyltransferases (SITYG_00620 and SITYG_00630) and a conjugal transfer protein and was present in strains SK54, ATCC 27335, and JTH08 but not strains BA1, B196, and F0413, suggesting that the long repeats could be strain-specific elements acquired from a certain plasmid. Intriguingly, two CWAPs were located in the repeat region; specifically, the putative glucan-binding protein SITYG_00870 (SITYG_10910 was on the second repeat) is a noteworthy CWAP that may be a potential virulence factor in the in vivo survival experiment described below (see Table 4 , Fig. 5 , and "Comparative analysis of the transcriptome in vitro and in the abscess in vivo" below). CWAPs. CWAPs are known to act as microbial surface components that recognize adhesive matrix molecules (MSCRAMMs), but in most cases their actual functions remain to be characterized. The TYG1620 genome sequence has 19 CWAPs containing an LPXTG motif recognized by sortase A; our comparative genome analysis suggested that these CWAPs might play a role in strain-specific pathogenicity (Fig. 3) . Possible MSCRAMMs were predicted to be a fibronectin-binding protein (SITYG_18810), fibrinogen-binding proteins (SITYG_01860 and SITYG_16350), a collagen-binding protein (SITYG_16380), and putative glucan-binding proteins (SITYG_10910 and SITYG_18140). In addition, potential tissue-degrading factors, such as hyaluronate lyase, sialidase nanA, pullulanase, nuclease, and end-␤-N-acetylglucosaminidase, were also identified.
Streptococcal genome sequences have indicated that streptococci generally carry multiple CWAPs; the redundancy depends on the species, as other members of the oral/pharyngeal bacterial flora, such as Streptococcus mutans, Streptococcus mitis, Streptococcus pneumoniae, and Streptococcus pyogenes, each carry multiple CWAPs (6, 14, 15, and 15, respectively) (25) , suggesting that S. intermedius TYG1620 has a potential pathogenicity in the etiology of human brain abscesses.
Comparative analysis of the transcriptome in vitro and in the abscess in vivo. Although the comparative genome analysis revealed several noteworthy genetic features of TYG1620, the virulence factors crucial for the pathogenicity of S. intermedius remained to be clarified. Therefore, we established a murine subcutaneous abscess model and performed comparative transcriptome analysis to identify in vivo-specific gene expression in TYG1620 (Table S1 ). Indeed, subcutaneous inoculation of TYG1620 (ϳ10 7 CFU) into C57BL/6J mice resulted in reproducible abscess formation within 5 days in every trial (Fig. 4A) . As a control for RNA expression, gene expression in two distinct growth phases (the early log and stationary phases) in BHI broth was selected for comparison with gene expression in the abscess (Table S2) . At first we speculated that the gene expression in the stationary phase might be a better control for normalization because TYG1620 in an abscess could be subjected to diverse stresses, including conditions with low levels of nutrients and the host immune response. However, contrary to our speculation, a very good coefficient of determination (R 2 ϭ 0.919) was obtained when gene expression in the early log phase was compared with that in the abscess, suggesting that early-log-phase cells in BHI broth might serve as a better control than stationary-phase cells ( Fig. 4B and C) .
Compared with the levels of expression in the early log phase, 279 open reading frames (ORFs) had significantly (Ն3-fold) increased levels of expression in the abscess suggested that gene expression in the early log phase in BHI broth could be a better control than that in the stationary phase; thus, significant (Ն3-fold) up-or downregulated expression was first selected, followed by the use of expression at the stationary phase as a secondary control. This allowed the exclusion of general stress response genes that are not involved in in vivo-specific expression. (E) Validation using a read-mapping analysis for abscess-specific increased or decreased expression. Results for RNA polymerase subunit genes (rpoB and rpoC), used as internal expression controls, are shown. (F) SITYG_04300 is one of the genes with increased expression in the abscess (see Table 3 and panel E). Secondary structure prediction (JPred, v4) and a helical wheel projection suggested that the amino acid sequence (SITYG_04300 and SITYG_19530) shows an ␣-helical structure as amphipathic peptides, similar to PSMs. The H and E below the amino acid sequence represent ␣-helix and ␤-sheet, respectively. The number and arrow in the middle of the wheels correspond to the magnitude and the angle of the hydrophobic moment of the helical wheel, respectively. (Fig. 4D) . Using the level of expression at the stationary phase as a secondary control, 24 ORFs were further identified to have significantly (Ն3-fold) increased expression in the abscess (Table 2 and Fig. 4D ). This highly stringent selection process, which excluded general stress response genes, enabled the identification of the specific ORFs with the most potential to be involved in the pathogenicity of S. intermedius expressed in vivo. Of 24 ORFs, 21 ORFs coded for hypothetical proteins, some of which were remarkably small ORFs, coding for less than 100 aa. Read mapping by next-generation sequencing indicated increased expression of some small ORFs in the abscess (see, e.g., SITYG_04300 in Fig. 4E ). Some of these, including SITYG_04300 (Fig. 4F) , appeared to have an ␣-helical structure similar to that of phenol-soluble modulins (PSMs), such as cytolysin, which is involved in staphylococcal pathogenesis in various eukaryotic cell types (26, 27) . Secondary structure prediction suggested that two ORFs (SITYG_04300 and SITYG_19530) showed amphipathic characteristics and could be potential PSMs similar to S. aureus PSM␤1 (Fig. 4F) . Recently, staphylococcal PSMs have been implicated in skin and soft tissue infection (SSTI) (28) (29) (30) and have shown significantly higher levels of expression in methicillin-resistant S. aureus (MRSA) strains isolated from SSTIs. These observations imply that the small ORFs detected in the present study might be candidates that contribute to in vivo abscess formation.
Although 18 ORFs with significantly (Ն3-fold) decreased expression in the abscess were identified (Table 3 and Fig. 4D) , there was no notable finding, such as immune escape by downregulation; thus, expression could be affected by a different culture broth in vitro.
Identification of in vivo-specific gene expression by Tn mutagenesis in a murine abscess model. A random transposon (Tn) mutant library of TYG1620 was constructed by the insertion of ISS1 generated from the temperature-sensitive plasmid (Fig. 2C) . c Potential candidates for PSMs; see prediction of the secondary structure in Fig. 4F .
pGh9:ISS1 (see Fig. S2 for details). In total, 1,152 Tn mutant clones were constructed ( Fig. 5A and Table S2 ). Comprehensive detection of the Tn insertion sites was performed by targeted DNA sequencing (DNA-seq) for the insertion of a specific PCR amplicon (Table S1 ). Read mapping to the TYG1620 genome suggested that 629 ORFs were disrupted by the insertion of ISS1 tnpA in vitro as an original Tn mutant library (Fig.  5C) ; the genes disrupted by Tn insertion are also shown in the circular representation of the TYG1620 genome (slot 2 in Fig. 2B ). The insertion appeared to be random, and no insertions were found in the ribosomal protein operon (SITYG_18370 to SITYG_18710, from Mb 1.84 to 1.85) or the region around ori (SITYG_19850 to SITYG_20130, from Mb 1.97 to 1.99) because these genes are essential for cell growth. Long repeats and the T7SS region showed significantly more Tn insertions than other regions. All cultures of the 1,152 Tn mutants were pooled and injected subcutaneously into C57BL/6J mice. On day 7, apparent subcutaneous abscesses were observed in all tested mice (n ϭ 4) (Fig. 5B) . To identify the in vivo-attenuated Tn mutant clones, targeted DNA-seq was performed using purified DNA from the subcutaneous abscess, with the result being that insertions in 212 ORFs were not detected in any of the tested mice (n ϭ 4). This result indicates that these 212 ORFs might play crucial roles in bacterial survival and abscess formation rather than in in vitro growth (Fig. 5D and Table S3 ). Furthermore, these ORFs generally contribute to mostly fundamental cell growth functions, suggesting that such Tn mutants might be complemented by alternative gene functions and metabolic pathways in in vitro growth, whereas the impaired Tn mutants might no longer be alive in a subcutaneous abscess in vivo.
To further clarify the virulence factors pivotal for in vivo survival, the comparative transcriptome data described above were analyzed with the Tn mutant results. As a result, 37 ORFs showed significantly increased or decreased levels of gene expression in abscesses and were identified in all 212 in vivo-attenuated mutants (Table 4 ). These 37 ORFs might contribute to in vivo survival, including nucleotide biosynthesis (purH, purE, SITYG_15350), cell division (SITYG_19460), sugar metabolism (SITYG_07100, SITYG_07110, glgA, SITYG_13990), and competency (SITYG_10670, comYB, SITYG_ 10880). In particular, increased competence might lead to considerable genome evo- lution via horizontal gene transfer. Indeed, a recent report demonstrated that horizontal transfer of plasmid and bacteriophage genes is greatly facilitated in vivo in the colonization of a gnotobiotic piglet by S. aureus (31) . The newly identified T7SS could be associated with in vivo survival, because Tn mutants with mutations in nine ORFs (SITYG_01170, SITYG_01200, SITYG_01250, SITYG_01270, SITYG_01390, SITYG_01430, SITYG_01490, SITYG_01530, and SITYG_ 01560) were attenuated in the abscess model ( Fig. 2C and Table S2 ). In addition, SITYG_01560 (a hypothetical protein) was upregulated in the abscess formation compared with its level of regulation during in vitro growth (Table 4) . Intriguingly, SITYG_01560 was found to be one of the paralogs in the T7SS locus. In total, nine ORFs (SITYG_01390, SITYG_01430, SITYG_01450, SITYG_01470, SITYG_01490, SITYG_ 01510, SITYG_01530, SITYG_01540, and SITYG_01560) shared multiple ␣-helix structures and at least 55% amino acid sequence similarity, showing variability in the sequence at the N terminus and a conserved amino acid sequence at the C terminus (Fig. S3) .
Among 19 CWAP ORFs (Fig. 3 ), 8 ORFs (SITYG_00870, SITYG_01080, SITYG_01860, SITYG_10910, SITYG_10920, SITYG_16380, SITYG_17130, and SITYG_18140) were detected as in vivo-attenuated candidates (Table S3 ), implying that they are nonessential for in vitro growth but are necessary for adaptation to the severe environmental conditions in the abscess. As described above, in the long repeat region in TYG1620, two CWAPs (the putative glucan-binding proteins [32] SITYG_00870 and SITYG_10910) were selected to be crucial for in vivo-specific gene expression, and their significantly increased levels of expression in the abscess (Table 4) implied that these two CWAPs might contribute to S. intermedius pathogenesis by binding glucan molecules either in the abscess or in the oral environment.
S. intermedius possesses a species-unique toxin, ILY (ily, SITYG_01880), that specifically lyses human erythrocytes (12) . The level of expression of ILY was increased by 3.5-fold in the abscess compared with that in an early-log-phase BHI culture, but the Tn mutant was not attenuated. ILY might not be involved in abscess formation; such secreted toxins may be available from the extracellular environments of other ilypositive Tn mutants. Thus, the contribution of ILY should be investigated using a specific ily-disrupted (or ilv-negative) Tn mutant.
Conclusions. We determined the complete genome sequence of S. intermedius TYG1620 isolated from a human brain abscess. Comparative genome analysis revealed that TYG1620 possesses a noteworthy pathogenicity island, including a T7SS and a possible repertoire of CWAP virulence factors. Transcriptome analysis and a random Tn mutant attenuation experiment in a murine subcutaneous abscess model identified Fig. 3 . d ORF located in T7SS (Fig. 2C) .
substantial virulence factors, in addition to ILY, that are important for S. intermedius pathogenicity. Specifically, in vivo-regulated genes similar to PSM␤1, paralogs of the T7SS and CWAPs, were identified. This study focused only on subcutaneous abscess formation; thus, the mechanisms of S. intermedius bacteremia and the subsequent internalization in the brain through the blood-brain barrier must still be elucidated to describe the complete pathogenicity of S. intermedius.
MATERIALS AND METHODS
Ethics statement. The study protocol was approved by the institutional Medical Ethics Committee of the National Institute of Infectious Diseases in Japan (approval no. 642), and it was conducted according to the Declaration of Helsinki principles. Prior to molecular diagnosis for etiological pathogens, written informed consent was obtained from the parents of the patient with a brain abscess to isolate potential etiological agents. The protocols for all experiments involving mice were approved by the guidelines of the Institutional Animal Care and Use Committee of the National Institute of Infectious Diseases, Japan (approval no. 115041), and the study was conducted according to Fundamental Guidelines for Proper Conduct of Animal Experiment and Related Activities in Research Institutions under the jurisdiction of the Ministry of Health, Labor and Welfare of Japan.
Bacterial strain. S. intermedius TYG1620 was isolated from a brain abscess in an infant. The strain was cultivated in BHI broth (Becton Dickinson, NJ, USA) or chocolate agar (Becton Dickinson, NJ, USA) under anaerobic conditions at 37°C.
PFGE. A Pulsed-field gel electrophoresis (PFGE) plug was prepared using a contour-clamped homogeneous electric field bacterial genomic DNA plug kit (Bio-Rad, CA, USA), replacing lysozyme with achromopeptidase (Wako, Osaka, Japan) for bacterial lysis. The plug was treated with ϳ40 units of the restriction enzyme AscI (New England Biolabs, USA), followed by PFGE (1% agarose gel, 0.5ϫ TBE [Tris-borate-EDTA], 6 V/cm, 2.2-to 65.0-s pulse time, 120°angle, 20-h run time).
Whole-genome sequence analysis. Genomic DNA of S. intermedius TYG1620 was purified as follows: the bacterial cells were lysed with achromopeptidase (Wako), followed by phenol-chloroform extraction and further purification with a Qiagen DNA purification kit (Qiagen, Germany). Whole-genome sequencing of TYG1620 was performed using an Illumina GAIIx platform (paired-end 81-mer, 6,314,564 total paired-end reads). The reads were assembled using CLC Genomics Workbench (v7.5) software (Qiagen), followed by gap closing of specific PCR products and the DNA fragments obtained by PFGE using an Illumina MiSeq platform (paired-end 300-mer). The respective gap sequences were determined by the de novo assembly of a partial gap region using Platanus software (parameter, c-35) (17) and the PRICE assembler (parameter identity of 100%, minimum percent identity [mpi] of 99%, and target of 97%) (18) .
Optical mapping of TYG1620 genome DNA was performed using the Argus system (OpGen, MD, USA) according to the manufacturer's protocol. Briefly, a large, genome-length DNA molecule of TYG1620 was prepared with an Argus HMW (high molecular weight) DNA isolation kit (Argus), and the prepared genome DNA was analyzed using a high-density MapCard kit (Argus) with the restriction enzyme NcoI to observe NcoI-specific digested sites on the card. The NcoI-digested DNA was detected as a barcode, followed by de novo assembly and visualization of the entire genome map with the MapSolver program (Argus).
Annotation was performed in Rapid Annotation using the Subsystems Technology (RAST; v2.0) (19), InterPro (v49.0) (20) , and NCBI BLASTp/BLASTx software. SITYG_16380 has 6 tandem repeats of a 321-bp core unit showing a collagen-binding B motif. Such long tandem repeats were highly problematic in closing the gap between scaffolds (see Fig. S1 in the supplemental material). A 2.1-kb PCR product for the gap was obtained, followed by cloning of the PCR product into a pUC19 vector via in-fusion PCR cloning (Fig. S1) .
Murine subcutaneous abscess model. Female C57BL/6J mice were obtained from Charles River Laboratories International, Inc., and were maintained under specific-pathogen-free conditions. S. intermedius TYG1620 was grown in BHI broth (BD Biosciences) under anaerobic conditions at 37°C for 18 h, followed by washing of the cells with phosphate-buffered saline (PBS). Two hundred microliters of the cell suspension (2 ϫ 10 7 CFU) was inoculated subcutaneously into 8-week-old C57BL/6J mice anesthetized with isoflurane (Mylan, Tokyo, Japan).
RNA extraction. Subcutaneous abscesses were excised from the mice on day 6 after the S. intermedius TYG1620 inoculation and were kept at Ϫ80°C until use. Bacterial cells were recovered from the abscesses by the following procedure. A whole abscess (ϳ50 mg) was homogenized in a 10ϫ volume of the DNA/RNA Shield reagent (Zymo Research, Irvine, CA), followed by centrifugation at 15,000 rpm for 2 min to recover the S. intermedius cells as a pellet. The homogenization and cell recovery by centrifugation were repeated 3 additional times. The residual tissue, including S. intermedius cells, was washed twice with 10 mM Tris-10 mM EDTA (TE 10 buffer), followed by resuspension in 100 l of TE 10 buffer including purified achromopeptidase (Wako) at 100 g/ml, and the suspension was incubated at 37°C for 30 min. The cell lysate was subjected to RNA purification using a RecoverAll total nucleic acid isolation kit (Life Technologies) according to the manufacturer's instructions, with the modification that beating with 0.1-mm-diameter glass bead for 5 min was used to complete cell lysis. For extraction of RNA from in vitro-cultured S. intermedius TYG1620 in BHI broth, bacterial cells were harvested in the early log phase (i.e., after 6 h of cultivation) or stationary phase (i.e., after 24 h of cultivation). Each culture was collected and treated with the DNA/RNA Shield reagent for 5 min, after which the procedure described above was implemented.
RNA-seq analysis. Transcriptome sequencing (RNA-seq) libraries were prepared from approximately 30 ng of total RNA using a ScriptSeq (v2) RNA-seq library preparation kit (Epicentre Biotechnologies) according to the manufacturer's instructions. The RNA-seq libraries were sequenced as single-end 151-mers on a MiSeq sequencer using a MiSeq reagent kit (v3; Illumina, San Diego, CA) (Table S1 ). Transcriptome analysis was performed using CLC Genomics Workbench (v7.5) software (Qiagen K.K.). The significant ORFs were considered to be those with a false discovery rate (FDR)-normalized P value of less than 0.05. All RNA-seq raw data are available in Table S2 .
Structure analysis. Secondary structure prediction was performed using the JPred (v4) server (http://www.compbio.dundee.ac.uk/jpred4/index_up.html) (33) . Helical wheel projection was performed at http://rzlab.ucr.edu/scripts/wheel/wheel.cgi.
Construction of random Tn mutants. Random Tn insertion was performed using the plasmid pGh9:ISS1 (GenBank accession number EU223008.1) carrying the insertion sequence ISS1, which facilitates random insertion. The plasmid can be depleted from the cells by cultivation at 38°C because of the presence of a temperature-sensitive replicon (34) (Fig. S2) . Briefly, TYG1620 was grown in BHI broth under anaerobic conditions to mid-log phase, and the cells were washed with 0.5 M sucrose twice and 0.5 M sucrose-15% glycerol once to prepare electrocompetent cells. One hundred microliters of the prepared electrocompetent cells (1 ϫ 10 7 CFU/ml) was mixed with 100 ng of pGh9:ISS1 plasmid DNA, followed by electroporation with a MicroPulser apparatus (Bio-Rad) at 1.8 kV, 5.2 ms, and 200 ⍀. The pulsed cells were immediately rescued with 1 ml of BHI broth containing 0.3 M sucrose and then incubated at 28°C for 2 h. The rescued cells were spread on BHI agar with 5 g/ml erythromycin at 28°C for 24 h to obtain a stable clone harboring the pGh9:ISS1 plasmid. Forty-one transformants were obtained and cultivated individually at 28°C for 8 h. To obtain the random Tn mutants, equal volumes of all transformant cultures were pooled, followed by incubation at a relatively high temperature (38°C) for 2 h to facilitate ISS1 insertion into the chromosomal DNA and spread of the culture on BHI agar with 5 g/ml erythromycin for incubation at 38°C for 62 h. In total, 1,152 colonies were picked and individually cultivated on 12 96-deep-well plates.
Identification of in vivo-attenuated Tn mutants in a murine subcutaneous abscess model. A Tn mutant library was prepared from a mixture of the 1,152 individually cultivated Tn mutants in BHI broth with 5 g/ml erythromycin at 38°C under anaerobic conditions. The Tn mutant library mixture was washed twice with PBS and prepared at a cell density of 6.4 ϫ10 8 CFU/ml. Two hundred microliters of the cell suspension (1.3 ϫ 10 8 CFU) was inoculated subcutaneously into 14-week-old C57BL/6J mice anesthetized with isoflurane (Mylan, Tokyo, Japan).
Subcutaneous abscesses were recovered at day 7. DNA was purified from the sample by the same procedure outlined in "RNA extraction" above without RNase treatment. A DNA-seq library for a targeted-only insertion site was prepared using a Nextera XT kit (Illumina). Briefly, the DNA was subjected to Tn5 tagmentation with a Nextera XT kit, followed by neutralization according to the manufacturer's instruction. Generally, Nextera XT primer pairs (index 1 and index 2 primers) were used for the subsequent PCR enrichment and sample indexing, but here, the nucleotides of the Nextera XT index 1 primers (primers N701 to N712) were modified to anneal the ISS1-specific sequence as follows: P7 sequence (5=-CAAGCAGAAGACGGCATACGAGAT-3=)-index sequence (variable 8-mer)-the tnpA gene of the ISS1-specific sequence (5=-TCCTCGCTGTCATTTTTATTCAT-3=), corresponding to the sequence from nt 2272 to 2294 in pGh:ISS1 (GenBank accession number EU223008.1). PCR enrichment was performed for 12 cycles according to the manufacturer's instruction. The targeted DNA-seq was performed by the single-end 330-mer MiSeq platform with indexing using the index 2 primers (primers N501 to N508) ( Table S1 ).
The Tn insertion site was detected as follows: all sequencing reads were mapped to the sequence of tnpA (the transposase gene in pGh9:ISS1) by BWA-SW mapping (35) to collect the tnpA sequence-positive reads, the tnpA sequence was trimmed and subtracted according to an adapter-trimming procedure (36) , and the resulting trimmed short reads were mapped to the TYG1620 chromosome DNA sequence (GenBank accession number AP014880) via BWA-SW mapping (35) to detect the single nucleotide at the ISS1 insertion site. The insertion site was clearly shown as the high coverage peaks on the TYG1620 chromosome DNA sequence (Fig. 5D ). All raw data for the Tn mutants are available in Table S2 . Accession number(s). The whole-genome sequence described here and its annotation are available in GenBank under accession number AP014880. The short-read sequences for RNA-seq and Tn mutant identification have been deposited in the DNA Data Bank of Japan (DDBJ accession number DRA005016).
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